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ILLUMINATING A SPECIMEN FOR
METROLOGY OR INSPECTION

PRIORITY CLAIM

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/061,936 filed Mar. 2, 2011, whichis a
National Stage application of International Application No.
PCT/US09/58819 filed Sep. 29, 2009, which claims priority
to U.S. Provisional Application No, 61/100,990 entitled
“Speckle Reduction Approach for Pulsed Laser Light
Source,” filed Sep. 29, 2008, which is incorporated by refer-
ence as if fully set forth herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to illuminating a
specimen for inspection or metrology. Certain embodiments
relate to reducing the coherence of pulses of light for inspec-
tion and metrology applications.

2. Description of the Related Art

The following description and examples are not admitted
to be prior art by virtue of their inclusion in this section.

Fabricating semiconductor devices such as logic and
memory devices typically includes processing a specimen
such as a semiconductor wafer using a number of semicon-
ductor fabrication processes to form various features and
multiple levels of the semiconductor devices. Metrology and
inspection processes are used at various steps during a semi-
conductor manufacturing process to monitor and control the
process. Metrology processes are used to measure one or
more characteristics of the wafers. For example, metrology
processes are used to measure one or more characteristics of
a wafer such as a dimension (e.g., line width, thickness, etc.)
of features formed on the wafer during a process such that the
performance of the process can be determined from the one or
more characteristics. In addition, if the one or more charac-
teristics of the wafer are unacceptable (e.g., out of a prede-
termined range for the characteristic(s)), the measurements of
the one or more characteristics of the wafer may be used to
alter one or more parameters of the process such that addi-
tional wafers manufactured by the process have acceptable
characteristic(s).

Inspection processes are used to detect the presence of
defects such as patterning defects and particles on the surface
of wafers. For example, inspection processes can include
imaging a region of a wafer at high magnification and then
comparing that image, e.g., with 1) images of one or more
other regions that are supposed to contain the same pattern or
2) a theoretical image, in order to detect differences in the
image that may represent defects such as defects in the pattern
and particles on, or embedded in, the surface of the wafer. A
defect or particle that is smaller than the image resolution of
the inspection system optics can often be detected by a change
in the reflected or scattered light caused by that defect or
particle. Typically, in an inspection process, it is desired to
inspect a high percentage, or even 100%, ofthe wafer surface.
Since each high magnification image covers only a small
fraction of the wafer surface area, many such images have to
be acquired in order to cover the total area that is to be
inspected.

In general, metrology and inspection processes can take a
relatively long time, particularly when the number of sites on
the wafers at which measurements or inspections are per-
formed is relatively large. One obstacle to reducing the time
in which metrology and inspection processes can be per-
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formed is the substantial difficulty of reducing the time
involved in moving the wafer and/or system optics such that
multiple sites on the wafer can be measured or inspected.
Therefore, one approach to decreasing the time involved in
metrology and inspection processes involves continuously
moving the wafer and/or system optics relative to one another
during the metrology orinspection process. However, such an
approach significantly reduces the amount of time in which
the measurement can be performed or an image can be cap-
tured. Therefore, such an approach requires a light source that
can produce a sufficient amount of light in a substantially
short period of time. One such light source is a pulsed laser
light source. Such light sources have a disadvantage in that
the light has a speckle pattern due to the coherence of the
light, which can interfere with the metrology measurements,
degrade the quality of inspection images, or cause spurious
intensity changes in those images. As such, a significant
obstacle to using such a light source in a metrology or inspec-
tion system that performs measurements or inspection as the
watfer and/or system optics are continuously moved relative to
one another is that the speckle pattern must be suppressed
relatively quickly, and particularly more quickly than the time
in which the speckle pattern can be suppressed using
mechanical devices, time averaging procedures, or other cur-
rently used methods for suppressing speckle patterns.

Accordingly, it would be advantageous to develop illumi-
nation methods and/or subsystems for metrology and inspec-
tion systems that can provide adequate light with a suffi-
ciently suppressed speckle pattern in a substantially short
amount of time.

SUMMARY OF THE INVENTION

The following description of various embodiments is not to
be construed in any way as limiting the subject matter of the
appended claims.

One embodiment relates to an inspection system. The
inspection system includes an illumination subsystem. The
illumination subsystem includes a light source configured to
generate coherent pulses of light. The illumination subsystem
also includes a dispersive element positioned in the path of
the coherent pulses of light. The dispersive element is con-
figured to reduce coherence of the pulses of light by mixing
spatial and temporal characteristics of light distribution in the
pulses of light. In addition, the illumination subsystem
includes an electro-optic modulator positioned in the path of
the pulses of light exiting the dispersive element. The elector-
optic modulator is configured to reduce the coherence of the
pulses of light by temporally modulating the light distribution
in the pulses of light. The illumination subsystem is config-
ured to direct the pulses of light from the electro-optic modu-
lator to a specimen. The inspection system also includes a
detection subsystem configured to detect light from the speci-
men and to generate output responsive to the detected light. In
addition, the inspection system includes a processor config-
ured to detect defects on the specimen using the output. The
inspection system may be further configured according to any
embodiments described herein.

An additional embodiment relates to a method for illumi-
nating a specimen for inspection. The method includes gen-
erating coherent pulses of light. The method also includes
reducing coherence of the pulses of light by mixing spatial
and temporal characteristics of light distribution in the pulses
oflight. In addition, the method includes reducing the coher-
ence of the pulses of light by temporally modulating the light
distribution in the pulses of light. The method further includes
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subsequent to the reducing steps, directing the pulses of light
to the specimen positioned in an inspection system.

Each of the steps of the method described above may be
further performed as described herein. In addition, the
method described above may include any other step(s) of any
other method(s) described herein. Furthermore, the method
described above may be performed by any of the subsystems
and systems described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

Further advantages of the present invention will become
apparent to those skilled in the art with the benefit of the
following detailed description of the preferred embodiments
and upon reference to the accompanying drawings in which:

FIG. 1 is a schematic diagram illustrating a cross-sectional
view of an embodiment of an illumination subsystem;

FIG. 2 includes plots illustrating how increasing the ampli-
tude of an electro-optic modulator included in an embodi-
ment of an illumination subsystem described herein can
reduce de-coherence time;

FIGS. 3-8 are schematic diagrams illustrating cross-sec-
tional views of a portion of various embodiments of an illu-
mination subsystem;

FIGS. 9-10 are schematic diagrams illustrating side views
of various embodiments of a metrology system; and

FIG. 11 is a schematic diagram illustrating a side view of
one embodiment of an inspection system.

While the invention is susceptible to various modifications
and alternative forms, specific embodiments thereof are
shown by way of example in the drawings and are herein
described in detail. The drawings may not be to scale. It
should be understood, however, that the drawings and
detailed description thereto are not intended to limit the
invention to the particular form disclosed, but on the contrary,
the intention is to cover all modifications, equivalents and
alternatives falling within the spirit and scope of the present
invention as defined by the appended claims.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Turning now to the drawings, it is noted that the figures are
not drawn to scale. In particular, the scale of some of the
elements of the figures is greatly exaggerated to emphasize
characteristics of the elements. It is also noted that the figures
are notdrawn to the same scale. Elements shown in more than
one figure that may be similarly configured have been indi-
cated using the same reference numerals.

In general, the embodiments described herein relate to
speckle suppression approaches for pulsed laser light
sources. For example, the embodiments described herein pro-
vide a solution for suppression of speckle patterns produced
by a coherent pulsed light source (a pulsed laser). In some
embodiments, the specimen may be a wafer such as that on
which semiconductor devices are or can be fabricated. In
addition, although some description is provided herein with
respect to a wafer or wafers, it is to be understood that the
embodiments described herein can be used to illuminate any
other specimen for metrology measurements or inspection.

The market need for substantially increasing the number of
measured or inspected sites on a wafer demands a significant
reduction in the time required for measurement or inspection
at each site. For example, recently used measurement
sequences include navigation from one site to another, target
acquisition, focus correction, and output acquisition (e.g.,
image or scatterometry signal grabbing). The navigation pro-

20

25

30

35

40

45

50

55

60

65

4

cedure in of itself includes accelerating and decelerating
phases, which increase the navigation time by at least a factor
of two. Owing to tight specifications for mechanical vibra-
tions, these accelerating and decelerating phases prevent
measurement time reduction to the time required for next
node generations.

One embodiment relates to an illumination subsystem of a
metrology or inspection system. In one embodiment, the
metrology or inspection system is configured to cause con-
tinuous relative movement between the specimen and at least
some optics of at least one of the illumination and detection
subsystems described herein during metrology or inspection
of the specimen performed by the metrology or inspection
system. For example, the metrology or inspection system may
be configured to cause continuous relative movement
between the specimen and a detection subsystem of the sys-
tem during measurements or inspection of the specimen per-
formed by the system. The metrology or inspection system
may be configured to cause such continuous relative move-
ment as described further herein. For example, in order to
provide the measuring time reductions required for next node
generations, one approach is to perform the measurements
“on the fly.” This concept implies that the metrology or
inspection system optics (e.g., the detection subsystem or
optical sensor) and/or the wafer are continuously moved rela-
tive to one another and output acquisition (e.g., image grab-
bing or other signal grabbing) is performed using a light
source such as a flash broadband light source or a pulsed laser.

The illumination subsystem includes a light source config-
ured to generate coherent pulses of light. For example, as
shown in FIG. 1, the illumination subsystem includes light
source 10 configured to generate coherent pulses of light
(shown generally in FIG. 1 by incoming beam 12 having
cross-sectional dimension X ). In one embodiment, a dura-
tion of the pulses of light generated by the light source is less
than 10 nanoseconds. One main distinction between the
embodiments described herein and other known means of
speckle reduction such as a rotating diffuser, etc. is that the
embodiments are applicable and mostly designed for rela-
tively short pulses (e.g., a few nanoseconds) of illumination.
In particular, as described further herein, the embodiments
provide a new de-coherence approach for ultra short pulses of
light. In one embodiment, the light source is a laser light
source. For example, as described above, metrology measure-
ments or inspection may be performed using a flash broad-
band light source or a pulsed laser. However, at this moment,
only a pulsed laser light source can provide the required
amount of light since the duration of the pulses of light is
limited to a few nanoseconds. In particular, for a typical
navigation velocity of about 1 m/sec, the maximum allowable
shift over the target or measurement site during output acqui-
sition is a few nanometers. The pulsed laser light source may
include any suitable commercially available pulsed laser light
source.

In another embodiment, the illumination subsystem is not
configured to reduce the coherence of the pulses of light using
mechanical devices. For example, a coherent light source
produces a well-known speckle problem, the solution to
which, in the case of the metrology and inspection systems
described herein, becomes complicated due to the pulse dura-
tion of only a few nanoseconds. In particular, this pulse dura-
tion prevents the use of widespread approaches such as a
rotating diffuser or other mechanical devices for speckle
amplitude reduction. Indeed, common practice for speckle
suppression is using a time averaging procedure where during
the integration (image/signal grabbing) time many different
speckle configurations are summed or averaged. Since the
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amplitude of speckle is reduced as a square root of the number
of realizations, about 10* different speckle configurations
need to be summed or averaged in order to reduce the speckle
amplitudes to the allowable for metrology and inspection
application signal-to-noise ratios. Accordingly, for pulses
having a duration of a few nanoseconds, less than a picosec-
ond time interval is needed for each speckle realization,
which cannot be achieved using mechanical devices. There-
fore, a significant advantage of the embodiments described
herein is that they provide a speckle suppression mechanism
having approximately the same efficiency as a rotating dif-
fuser but for a time scale that is smaller by 4-6 orders of
magnitude, which makes possible using pulsed coherent light
sources for metrology and inspection applications. In addi-
tion, the embodiments described herein have significant value
because they make possible using existing pulsed laser light
sources for “on the fly” metrology and inspection applica-
tions.

A tenth picosecond time interval for the visible light spec-
trum is equivalent to a few nanometers spectral width. The
main idea of the embodiments described herein is to make use
of'the spectral range finiteness in order to perform a substan-
tially quick temporal modulation of the light beam, which can
be changed on the required tenth picosecond time intervals,
and transform the temporal modulation to spatial modulation.
The use of a dispersive element and an electro-optic modu-
lator is the core of the new approaches described herein for
speckle reduction. For example, the illumination subsystem
includes a dispersive element positioned in the path of the
coherent pulses of light. As shown in FIG. 1, the dispersive
element can be positioned at plane 14 arranged at angle 6, to
the cross-section of the coherent pulses of light. As further
shown in FIG. 1, the pulses of light exit the dispersive element
at angle 0,' and with cross-sectional dimension X,'. In one
embodiment, the dispersive element is a prism. In another
embodiment, the dispersive element is a diffraction grating.
The dispersive element is configured to reduce coherence of
the pulses of light by mixing spatial and temporal character-
istics of light distribution in the pulses of light. In particular,
a dispersive element such as a prism or diffraction grating
provides some mixing between spatial and temporal charac-
teristics of the light distribution in the pulses of light. For
example, a diffraction grating transforms a separate depen-
dence of the light distribution in the pulses of light on spatial
and temporal coordinates to a dependence of the light distri-
bution on mixed spatial-temporal coordinates:

E(t,x)= E(t-px,x).

The dispersive element may include any suitable prism or
diffraction grating, which may vary depending on the optical
characteristics of the illumination subsystem and the metrol-
ogy or inspection system.

The illumination subsystem further includes an electro-
optic modulator positioned in the path of the pulses of light
exiting the dispersive element. For example, as shown in FIG.
1, the illumination subsystem may include electro-optic
modulator 16 positioned in the path of the pulses of light
exiting the dispersive element. The electro-optic modulator is
configured to reduce the coherence of the pulses of light by
temporally modulating the light distribution in the pulses of
light. In particular, the electro-optic modulator provides an
arbitrary temporal modulation of the light distribution. There-
fore, the dispersive element and the electro-optic modulator
have a combined effect on the pulses of light generated by the
light source. In particular, the combination of the dispersive
element with the electro-optic modulator creates an arbitrary
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temporal modulation and transforms the temporal modula-
tion to an arbitrary spatial modulation.

In one embodiment, the electro-optic modulator is config-
ured to change the temporal modulation of the light distribu-
tion in the pulses of light at tenth picosecond time intervals. In
another embodiment, the electro-optic modulator is config-
ured to provide about 10° aperiodic samples on each period
thereby providing a de-coherence time of about 107!3 sec-
onds. For example, an electro-optic modulator introduces the
following time varying phasor, exp(i¢,, sin(w,,t)), where
o,,~10°-10° Hz is the modulation frequency,

—ZHAZ
¢m—7 -4,

1 is the thickness of the electro-optic modulator, A is the
wavelength, and An~1073 is the amplitude of the change of
the refractive index. An electro-optic modulator with a fre-
quency of ~10°-10'° Hz provides the minimal de-coherence
time T,,~107"° which is 3 orders of magnitude larger than the
required tenth picosecond time. However, a relatively high
amplitude (¢,,~10%) may provide ~10> aperiodic samples on
each period and in this manner may reduce the de-coherence
timeto a desirablet,,~107' seconds. Examples of plots illus-
trating how increasing the amplitude of the electro-optic
modulator can reduce de-coherence time are shown in FIG. 2.

In some embodiments, the electro-optic modulator is con-
figured to operate in a traveling wave operation mode. For
example, using an electro-optic modulator of 10°A~5 cm
length provides a speckle suppression mechanism of approxi-
mately the same efficiency as a rotating diffuser but for a time
scale about 4-6 orders smaller. However, if the electro-optic
modulator length is about 5 cm, the time (T) of a pulse passing
through the electro-optic modulator is T~2*107'° seconds
which is about the period of modulator oscillations. Accord-
ingly, the effect of the electro-optic modulator may be
described as:

exp[ias?m fHT dtsin(wmt)] = exp[i¢m . sinc(T%) . sin(wmt)]

For example, for T~10"'° seconds, a reduction of modulator
amplitude by an order of magnitude can be obtained. To solve
this problem, electro-optic modulator working in a traveling
wave operation mode may be provided or an electro-optic
modulator with a better dynamic range of refraction index
variability can be used. Traveling wave mode electro-optic
modulators are generally known in the art and as such will not
be discussed further herein. The electro-optic modulator may
include any suitable commercially available electro-optic
modulator and can be selected based on the characteristics of
the electro-optic modulator, the illumination subsystem, and
the metrology or inspection system described herein.

The illumination subsystem is configured to direct the
pulses of light from the electro-optic modulator to a specimen
positioned in the metrology or inspection system. For
example, the illumination subsystem may be configured to
direct pulses oflight (shown in FIG. 1 generally by light beam
18) to a specimen as further described herein.

In one embodiment, the illumination subsystem includes
an additional dispersive element positioned in the path of the
pulses of light exiting the electro-optic modulator. For
example, as shown in FIG. 3, the illumination subsystem may
include an additional dispersive element positioned in plane
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20 in the path of the pulses of light exiting electro-optic
modulator 16. The additional dispersive element is config-
ured to reduce the coherence of the pulses of light by mixing
the spatial and temporal characteristics of the light distribu-
tion in the pulses of light. In this manner, the arbitrary tem-
poral modulation of the light by the electro-optic modulator
can be transformed to an arbitrary spatial modulation by
performing a reverse light beam transformation using a dis-
persive element that is similar to the first dispersive element.
As such, FIG. 3 illustrates a spatial light distribution modu-
lator.

As shown in FIG. 3, the planes in which the two dispersive
elements are positioned may be spaced apart by a distance, L.
In addition, the pulses of light (shown generally in FIG. 3 by
outgoing beam 22) may exit the additional dispersive element
atanangle 0,', between the cross-section of the pulses of light
and plane 20, and with cross-sectional dimension X,'. How-
ever, the angles shown in FIG. 3 (between the cross-sections
of the pulses of light entering and exiting the dispersive ele-
ments and the planes in which the dispersive elements are
positioned) are not limiting. For example, as shown in FIG. 4,
the angles (between the cross-sections of the pulses of light
entering and exiting the dispersive elements and the planes in
which the dispersive elements are positioned) may be differ-
ent from those shown in FIG. 3 and may vary depending on
the characteristics of the dispersive elements (e.g., the dif-
fraction by the gratings). The portions of the illumination
subsystems shown in FIGS. 3 and 4 may be further configured
as described herein. The additional dispersive element may be
further configured as described herein with respect to the
other dispersive element.

In some embodiments, the illumination subsystem is con-
figured to direct the pulses of light from the additional dis-
persive element to the specimen. In this manner, the illumi-
nation subsystem is effectively configured to direct the pulses
oflight from the electro-optic modulator to the specimen. The
illumination subsystem may be configured in this manner as
described further herein.

As shown in FIG. 5, wavefront 24 of the pulses of light
exiting the dispersive element may be arranged at an angle
with respect to the plane of electro-optic modulator 16. In this
manner, different parts of the original wavefront of the pulses
of light are modulated with different phases as the pulses of
light propagate through the electro-optic modulator. If the
electro-optic modulator is positioned immediately after the
dispersive element (e.g., the first grating), the output wave
becomes:

Ezo(t.x)=E(t—px,x)exp(if,, sin(w,,)).

After the second dispersive element (e.g., the second grating),
the output wave becomes:

exp(if,,, sin(w,,t))= exp{ig,, sin [0,,(t-ax)]}

In this manner, the additional dispersive element the second
grating) transforms the temporal modulation to the spatial
modulation. The portion of the illumination subsystem shown
in FIG. 5 may be further configured as described herein.

In another embodiment, the illumination subsystem
includes refractive optics positioned between the electro-op-
tic modulator and the additional dispersive element. For
example, in order to enhance the effect of the spatial modu-
lation, the length of the optical path may be increased using
additional optics positioned between the electro-optic modu-
lator and the additional dispersive element (e.g., the second
grating). In one such example, as shown in FIG. 6, the illu-
mination subsystem may include refractive optics 26 posi-
tioned between the electro-optic modulator and the additional
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dispersive element. Refractive optics 26 may include any
suitable lens system that enables the modulation of the (effec-
tive) diffraction length [ and control of beam size. The por-
tion of the illumination subsystem shown in FIG. 6 may be
further configured as described herein.

To make more efficient use of the electro-optic modulator,
areflective element may be positioned at the end of the spatial
light distribution modulation subsystem. For example, in an
additional embodiment, the illumination subsystem includes
a reflective element positioned in the path of the pulses of
light exiting the additional dispersive element. The reflective
element is configured to direct the pulses of light exiting the
additional dispersive element back through the additional
dispersive element, the electro-optic modulator, and the dis-
persive element. For example, as shown in FIG. 7, the illumi-
nation subsystem may include reflective element 28 posi-
tioned in the path of the pulses of light (shown generally by
light beam 22) exiting the additional dispersive element posi-
tioned in plane 20. Reflective element 28 is configured to
direct the pulses of light (shown generally by light beam 22)
exiting the additional dispersive element back through the
additional dispersive element, electro-optic modulator 16,
and the dispersive element positioned in plane 14. As further
shown in FIG. 7, if the illumination subsystem includes
refractive optics 26, the pulses of light reflected by the reflec-
tive element may also pass back through the refractive optics.
The reflective element may include any suitable reflective
element such as a mirror. In this manner, the arbitrary tem-
poral modulation of the light distribution performed by the
electro-optic modulator can be transformed to an arbitrary
spatial modulation by reversing the direction of the pulses of
light so that they pass through the same dispersive elements
on their way back along the reversed direction. As such, the
illumination subsystem may perform modulation twice using
the electro-optic modulator (first on the incoming beam of the
pulses of light and then on the reflected beam of the pulses of
light).

In such an embodiment, the illumination subsystem is con-
figured to direct the pulses of light from the dispersive ele-
ment to the specimen. In this manner, the illumination sub-
system is effectively configured to direct the pulses of light
from the electro-optic modulator to the specimen. The illu-
mination subsystem may be configured to direct the pulses of
light from the dispersive element to the specimen as described
further herein. The portion of the illumination subsystem
shown in FIG. 7 may be further configured as described
herein.

In some embodiments, the pulses of light generated by the
light source include light having different wavelengths. For
example, the light source may include a multi-wavelength
pulsed laser light source configured to generate pulses of light
having two or more wavelengths (e.g., A, A, etc.). In one
such embodiment, the illumination subsystem is configured
to direct the light having the different wavelengths along
different optical paths through the illumination subsystem.
For example, the illumination subsystem may be configured
to have the bandwidth effect shown in FIG. 7. In particular,
different wavelengths may travel through different optical
paths. In the example shown in FIG. 7, pulses of light having
a first wavelength (e.g., A,) may travel back along the optical
path shown generally by light beams 22 and 18 contrast,
pulses oflight having a second, different wavelength (e.g., A,)
may travel back along an optical path shown generally by
light beams 30 and 32. In such a configuration, the optical
path lengths for the different wavelengths will be different.
For example, as shown in FIG. 7, the optical path length may
be longer for the pulses of light having wavelength A,. As
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such, after reflection by reflective element 28, pulses of light
having different wavelengths may be separated in time, which
then enables temporal modulation.

The concept of reflecting the pulses of light back through
the optics of the illumination subsystem may be used regard-
less of whether the illumination subsystem includes one or
two dispersive elements. For example, in another embodi-
ment, the illumination subsystem includes a reflective ele-
ment positioned in the path of the pulses of light exiting the
electro-optic modulator. In one such embodiment, as shown
in FIG. 8, the illumination subsystem may include reflective
element 34 positioned in the path of the pulses of light (shown
generally in FIG. 8 by light beam 18) exiting electro-optic
modulator 16. The reflective element is configured to direct
the pulses of light exiting the electro-optic modulator back
through the electro-optic modulator and the dispersive ele-
ment. For example, reflective element 34 may be configured
to direct the pulses of light exiting electro-optic modulator 16
back through the electro-optic modulator and the dispersive
element positioned at plane 14. In this manner, the arbitrary
temporal modulation of the light distribution performed by
the electro-optic modulator can be transformed to an arbitrary
spatial modulation by reversing the direction of the pulses of
light so that they pass through the same dispersive element on
their way back along the reversed direction. Reflective ele-
ment 34 may include any suitable reflective element such as a
mirror.

In such an embodiment, the illumination subsystem is con-
figured to direct the pulses of light from the dispersive ele-
ment to the specimen. In this manner, the illumination sub-
system is effectively configured to direct the pulses of light
from the electro-optic modulator to the specimen. The illu-
mination subsystem may be configured to direct the pulses of
light from the dispersive element to the specimen as described
further herein. The portion of the illumination subsystem
shown in FIG. 8 may be further configured as described
herein.

Each of the embodiments of the illumination subsystem
described above may be further configured as described
herein. In addition, each of the embodiments of the illumina-
tion subsystem described above may be included in any ofthe
metrology and inspection systems described herein. Further-
more, each of the embodiments of the illumination subsystem
described above may be used to perform any of the methods
described herein.

Another embodiment relates to a metrology system. FIG. 9
illustrates one example of such a metrology system. The
metrology system includes an illumination subsystem. As
shown in FIG. 9, the illumination subsystem includes light
source 10 configured to generate coherent pulses of light
(shown generally in FIG. 9 by light beam 12). The light source
may be further configured as described herein. The illumina-
tion subsystem also includes a dispersive element positioned
in the path of the coherent pulses of light. As shown in FIG. 9,
the dispersive element may be positioned in plane 14 in the
path of the coherent pulses of light. The dispersive element is
configured to reduce coherence of the pulses of light by
mixing spatial and temporal characteristics of light distribu-
tion in the pulses of light. The dispersive element may be
further configured as described herein. As further shown in
FIG. 9, the illumination subsystem includes electro-optic
modulator 16 positioned in the path of the pulses of light
exiting the dispersive element. The electro-optic modulator is
configured to reduce the coherence of the pulses of light by
temporally modulating the light distribution in the pulses of
light. The electro-optic modulator may be further configured
as described herein.
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The illumination subsystem is configured to direct the
pulses of light from the electro-optic modulator to specimen
36 positioned in the metrology system. For example, as
shown in FIG. 9, the elements of the illumination subsystem
may be arranged such that the pulses of light exiting the
electro-optic modulator are directed to the specimen at an
oblique angle of incidence without passing through any addi-
tional optical elements. However, the illumination subsystem
may include one or more additional refractive and/or reflec-
tive optical elements (not shown) that are configured to direct
the light exiting the electro-optic modulator to the specimen
at an oblique angle of incidence. The one or more additional
refractive and/or reflective optical elements may include, for
example, focusing lenses, flat mirrors, and the like. In addi-
tion, the illumination subsystem may be configured to direct
the light exiting the electro-optic modulator to the specimen
atany suitable oblique angle of incidence or a normal angle of
incidence. Furthermore, the metrology system may include a
control subsystem (not shown) that is configured to alter one
or more parameters of the illumination subsystem (e.g., such
as a position of one or more of the elements of the illumina-
tion subsystem) such that the light can be directed from the
electro-optic modulator to the specimen at different angles of
incidence.

The metrology system also includes a detection subsystem
configured to detect light from the specimen and to generate
output responsive to the detected light. For example, as shown
in FIG. 9, the detection subsystem may include detector 38.
The detector may include any suitable detector such as an
imaging detector or a non-imaging detector. In addition, the
detection subsystem may include any additional optical ele-
ments (not shown, e.g., one or more optical elements config-
ured to collect the light from the specimen, to focus the light
collected from the specimen to the detector, or to change the
path of the light from the specimen such that it can be directed
to the detector). The detection subsystem may be configured
to detect light propagating at any suitable angle from the
specimen, which may vary depending on the measurements
of the specimen being performed by the metrology system.
For example, the detector and any additional optical elements
included in the detection subsystem may be configured to
detect light reflected, scattered, or diffracted from the speci-
men. The measurements of the specimen being performed by
the metrology system may include any suitable measure-
ments such as scatterometry measurements, ellipsometry
measurements, and reflectometry measurements.

In addition, the metrology system includes a processor
configured to determine one or more characteristics of the
specimen using the output. For example, as shown in FI1G. 9,
the metrology system may include processor 40. The proces-
sor may be configured to determine the one or more charac-
teristics of the specimen using the output in any suitable
manner. The one or more characteristics of the specimen that
are determined by the processor may vary depending on the
specimen and the measurements performed by the metrology
system. For example, the one or more characteristics of the
specimen that are determined by the processor may include a
thin film thickness, a dimension of a patterned structure
formed on the specimen, roughness of a film formed on the
specimen, roughness of a patterned structure formed on the
specimen, and overlay (or the position of patterned structures
formed on one layer of the specimen with respect to the
position of patterned structures formed on another layer of the
specimen).

Processor 40 may be included in any suitable computer
system. The computer system may take various forms,
including a personal computer system, mainframe computer
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system, workstation, image computer, parallel processor, or
any other device known in the art. In general, the term “com-
puter system” may be broadly defined to encompass any
device having one or more processors, which executes
instructions from a memory medium.

Another metrology system embodiment is illustrated in
FIG. 10. The metrology system includes an illumination sub-
system. As shown in FIG. 10, the illumination subsystem
includes light source 10 configured to generate coherent
pulses of light (shown generally in FIG. 10 by light beam 12).
The light source may be further configured as described
herein. The illumination subsystem also includes optics 102
configured to reduce the coherence of the light pulses from
light source 10. Optics 102 include one or more dispersive
elements positioned in the path of the coherent pulses oflight.
The one or more dispersive elements are configured to reduce
coherence of the pulses of light by mixing spatial and tem-
poral characteristics of light distribution in the pulses of light.
The dispersive element(s) may be further configured as
described herein. Optics 102 also include one or more electro-
optic modulators positioned in the path of the pulses of light.
The electro-optic modulator(s) are configured to reduce the
coherence of the pulses of light by temporally modulating the
light distribution in the pulses of light. The electro-optic
modulator(s) may be further configured as described herein.
The illumination subsystem may include optics 101 config-
ured to direct the light from the light source towards coher-
ence reducing optics 102. Optics 101 may include, for
example, a lens, a mirror, a beam expander, or some combi-
nation thereof.

The illumination subsystem is configured to direct the
pulses of light from coherence reducing optics 102 to speci-
men 36 positioned in the metrology system. The system may
include optics 103 configured to direct or focus the light on
objective 105. Optics 103 may include, for example, a lens, a
mirror, a beam expander, or some combination thereof.
Optics 103 may also include one or more elements for con-
trolling or changing the polarization and/or wavelengths of
the light pulses. Optics 103 may further include one or more
apertures for defining the size and location of the measure-
ment spot on specimen 36. In addition, optics 103 may
include one or more apertures for controlling the range of
illumination angles on specimen 36. For example, as shown
in FIG. 10, the elements of the illumination subsystem may be
arranged such that the pulses of light are directed to the
specimen at angles of incidence near to normal incidence
(e.g., within about 30 degrees of normal incidence) after
reflecting from beam splitter 104 and being focused onto the
specimen by objective 105. Objective 105 may include one or
more refractive elements such as lenses and/or one or more
reflective elements such as curved mirrors. Furthermore, the
metrology system may include a control subsystem (not
shown) that is configured to alter one or more parameters of
the illumination subsystem (e.g., such as a position of one or
more of the elements of the illumination subsystem) such that
the light can be directed from the coherence reducing optics to
the specimen at different angles of incidence, different wave-
lengths, different polarization states, or some combination
thereof.

The metrology system also includes a detection subsystem
configured to detect light from the specimen (e.g., reflected,
scattered, diffracted light) and to generate output responsive
to the detected light. For example, as shown in FIG. 10, the
detection subsystem may include detector 38. The light from
the specimen may be collected by objective 105 and pass
through beam splitter 104 and be directed to detector 38 by
optics 106. Optics 106 may include elements and/or apertures
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configured to select which polarization states, wavelengths,
from which angles, from which specimen locations, etc. light
reaches the detector. These optics may also be configured so
that light falling at different locations on the detector corre-
sponds to different angles of incidence on the specimen (i.e.
the detector may lie in a pupil plane of the optical system)
similar to the configurations described in U.S. Pat. No. 4,999,
014 to Gold et al., U.S. Pat. No. 5,042,951 to Gold etal., U.S.
Pat. No. 5,159,412 to Willenborg et al. and U.S. Pat. No.
5,181,080 to Fanton et al., which are all incorporated by
reference as if fully set forth herein. The embodiments
described herein allow a pulsed laser to be used in metrology
systems that, heretofore, would have required a continuous-
wave light source. The detector may include any suitable
detector such as an imaging detector or a non-imaging detec-
tor. The measurements of the specimen being performed by
the metrology system may include any suitable measure-
ments such as scatterometry, measurements, ellipsometry
measurements, and reflectometry measurements including
scatterometry measurements similar to those disclosed in
U.S. Pat. No. 7,248,375 to Opsal et al. and U.S. Pat. No.
7,667,841 to Opsal, which are incorporated by reference as if
fully set forth herein.

In addition, the metrology system includes a processor
configured to determine one or more characteristics of the
specimen using the output. For example, as shown in FIG. 10,
the metrology system may include processor 40. The proces-
sor may be configured as described further herein. The
metrology system shown in FIG. 10 may also be further
configured as described herein.

An inspection system embodiment is illustrated in FIG. 11.
The inspection system includes an illumination subsystem.
As shown in FIG. 11, the illumination subsystem includes
light source 10 configured to generate coherent pulses of light
(shown generally in FIG. 11 by light beam 12). The light
source may be further configured as described herein. The
illumination subsystem also includes optics 102 configured to
reduce the coherence of the light pulses from light source 10.
Optics 102 include one or more dispersive elements posi-
tioned in the path of the coherent pulses of light. The one or
more dispersive elements are configured to reduce coherence
of'the pulses of light by mixing spatial and temporal charac-
teristics of light distribution in the pulses of light. The disper-
sive element(s) may be further configured as described
herein. Optics 102 also include one or more electro-optic
modulators positioned in the path of the pulses of light exiting
the dispersive element(s). The electro-optic modulator(s) are
configured to reduce the coherence of the pulses of light by
temporally modulating the light distribution in the pulses of
light. The electro-optic modulator(s) may be further config-
ured as described herein. The illumination subsystem may
include optics 101 configured to direct the pulses of light
towards coherence reducing optics 102. Optics 101 may
include, for example, a lens, a mirror, a beam expander, or
some combination thereof.

The illumination subsystem is configured to direct the
pulses of light from coherence reducing optics 102 (e.g., from
the electro-optic modulator(s)) to specimen 36 in the inspec-
tion system. The system may include optics 103 configured to
direct or focus the light on objective 105. Optics 103 may
include, for example, a lens, a mirror, a beam expander, or
some combination thereof. Optics 103 may also include ele-
ments for controlling or changing the polarization and/or
wavelengths of the light pulses. Optics 103 may further
include one or more apertures for controlling the range of
illumination angles at which the light is directed onto speci-
men 36. For example, as shown in FIG. 11, the elements of the
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illumination subsystem may be arranged such that the pulses
of light are directed to the specimen after reflecting from
beam splitter 104 and being focused onto the specimen by
objective 105. Objective 105 may include one or more refrac-
tive elements such as lenses and/or one or more reflective
elements such as curved mirrors. Furthermore, the inspection
system may include a control subsystem (not shown) that is
configured to alter one or more parameters of the illumination
subsystem (e.g., such as a position of one or more of the
elements of the illumination subsystem) such that the light
can be directed to the specimen at different angles of inci-
dence, different polarization states, different wavelengths, or
some combination thereof.

The inspection system also includes a detection subsystem
configured to detect light from the specimen and to generate
output responsive to the detected light. For example, as shown
in FIG. 11, the detection subsystem may include detector 108.
The light from the specimen that is detected may include
reflected and/or scattered light. For example, the light
reflected and/or scattered from the specimen may be collected
by objective 105 and pass through beam splitter 104 and be
directed to detector 108 by optics 107. These optics may be
configured so that light reflected and/or scattered from the
specimen is imaged onto detector 108. The detector may
include any suitable detector such as an imaging detector or a
non-imaging detector. For example, in one embodiment, the
detection subsystem is configured to detect the light by imag-
ing the light from the specimen. In this manner, the detection
subsystem may be configured as an imaging subsystem. In
another embodiment, the light source is a pulsed laser light
source, and the detection subsystem is configured to generate
the output by image grabbing. The detection subsystem may
include any suitable image grabbing detection subsystem.

In some embodiments, the light detected by the detection
subsystem includes reflected light, and the inspection system
is configured as a bright field inspection system. In another
embodiment, the light detected by the detection subsystem
includes scattered light, and the inspection system is config-
ured as a dark field inspection system. In an additional
embodiment, the inspection system is configured as a bright
field and dark field inspection system. In this manner, the
inspection of the specimen being performed by the inspection
system may include any suitable inspection mode such as
bright field, dark field, or a combination of bright field and
dark field. Optics 107 may contain one or more elements
and/or one or more apertures that can be used to select which
polarization state(s), which wavelength(s), and from which
angle(s) light from the specimen reaches the detector.

The inspection system further includes a processor config-
ured to detect defects on the specimen using the output. For
example, as shown in FIG. 11, the inspection system may
include processor 40. The processor may be configured to
detect defects (e.g., pattern defects, particles, and the like) on
the specimen using the output in any suitable manner. For
example, pattern defects and particles may be detected by
comparing image(s) of one area on a wafer with image(s) of
another area that should contain a substantially identical
image (e.g., comparing the same region of two or more dif-
ferent dies on the wafer). If three or more dies are compared,
then it will generally be possible to determine which region in
each image is had by it being most different from the others.
The images being compared for defect detection need not be
from different dies. In some cases such as memory arrays or
multiple cores within a single processor, the same pattern may
occur more than once within the same die and multiple
images of multiple instances of the same pattern may be
compared for defect detection. The inspection system shown
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in FIG. 11 may be further configured according to any
embodiments described herein.

In one embodiment, the metrology or inspection system is
configured to cause continuous relative movement between
the specimen and the detection subsystem during measure-
ments or inspection of the specimen performed by the metrol-
ogy or inspection system. In this manner, the metrology or
inspection system may be configured to perform “on the fly”
measurements or imaging of the specimen, in which the posi-
tion of the specimen with respect to the detection subsystem
(and possibly the illumination subsystem) of the metrology or
inspection system is not fixed during measurements. In one
such embodiment, the output includes an image or measure-
ment, and the detection subsystem is configured to generate
one image or measurement for each of the pulses of light from
the light source. In other words, image or signal grabbing may
be synchronized with the pulses of light. For example, the
metrology or inspection system may include stage 42, shown
in FIGS. 9-11, on which the specimen is positioned while in
the metrology or inspection system. The stage may include
any suitable mechanical and/or robotic assembly known in
the art.

In one embodiment, the light source is a pulsed laser light
source, and the system is configured to move the specimen
along a serpentine path continuously with respect to the illu-
mination and detection subsystems while measurements or
inspections are being performed on the specimen. For
example, the metrology or inspection system may include a
control subsystem (not shown) that is configured to move the
specimen along a path (e.g., a serpentine path) continuously
with respect to the illumination and detection subsystems
while the measurements or inspections are being performed
on the specimen. In such a configuration, the illumination and
detection subsystems may remain stationary while the speci-
men is being moved. In a similar manner, the metrology or
inspection system may include a control subsystem (not
shown) that is configured to move the illumination subsystem
and/or detection subsystem in some manner continuously
while the position of the specimen is not altered. In another
configuration, both the specimen and at least some optics of
the illumination and/or detection subsystems may be moved
simultaneously to thereby continuously change the position
of'the specimen with respect to the optics of the illumination
subsystem and/or detection subsystem while the measure-
ments are being performed on the specimen. Many different
control subsystems that are suitable for moving the specimen
and/or at least some optics of the illumination and detection
subsystems in the metrology and inspection systems
described herein are known in the art and thus will not be
described further.

The metrology and inspection systems described herein
may be further configured according to any of the embodi-
ments described herein. In addition, the metrology and
inspection systems described herein may be used to perform
any of the method embodiments described herein.

An additional embodiment relates to a method for illumi-
nating a specimen for metrology measurements or inspection.
The method includes generating coherent pulses of light.
Generating the coherent pulses of light may be performed
using any of the light sources described herein. The coherent
pulses of light may include any of the light described herein.
The method also includes reducing coherence of the pulses of
light by mixing spatial and temporal characteristics of light
distribution in the pulses of light. Reducing the coherence of
the pulses of light by mixing spatial and temporal character-
istics of the light distribution may be performed as described
further herein (e.g., using a dispersive element described
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herein). In addition, the method includes reducing the coher-
ence of the pulses of light by temporally modulating the light
distribution in the pulses of light. Reducing the coherence of
the pulses of light by temporally modulating the light distri-
bution in the pulses of light may be performed as described
further herein (e.g., using an electro-optic modulator
described herein). In one embodiment, the reducing steps are
performed without using mechanical devices. The method
may also include further reducing the coherence of the pulses
of light as described herein (e.g., using an additional disper-
sive element and/or a reflective element described herein).
The method further includes subsequent to the reducing steps,
directing the pulses of light to the specimen positioned in a
metrology or inspection system. Directing the pulses of light
to the specimen may be performed as described further
herein. The metrology or inspection system may be further
configured as described herein.

Each of the embodiments of the method described above
may include any other step(s) of any method(s) described
herein. In addition, each of the embodiments of the method
described above may be performed by any illumination sub-
system and metrology or inspection system embodiments
described herein.

Further modifications and alternative embodiments of vari-
ous aspects of the invention will be apparent to those skilled
in the art in view of this description. For example, embodi-
ments for illuminating a specimen for metrology measure-
ments or inspection are provided. Accordingly, this descrip-
tion is to be construed as illustrative only and is for the
purpose of teaching those skilled in the art the general manner
of carrying out the invention. It is to be understood that the
forms of the invention shown and described herein are to be
taken as the presently preferred embodiments. Elements and
materials may be substituted for those illustrated and
described herein, parts and processes may be reversed, and
certain features of the invention may be utilized indepen-
dently, all as would be apparent to one skilled in the art after
having the benefit of this description of the invention.
Changes may be made in the elements described herein with-
out departing from the spirit and scope of the invention as
described in the following claims.

What is claimed is:

1. An inspection system, comprising:

an illumination subsystem, wherein the illumination sub-

system comprises:

a light source configured to generate coherent pulses of
light;

a dispersive element positioned in the path of the coher-
ent pulses of light, wherein the dispersive element is
configured to reduce coherence of the pulses of light
by mixing spatial and temporal characteristics of light
distribution in the pulses of light; and

an electro-optic modulator positioned in the path of the
pulses of light exiting the dispersive element, wherein
the electro-optic modulator is configured to reduce
the coherence of the pulses of light by temporally
modulating the light distribution in the pulses of light,
wherein the electro-optic modulator is further config-
ured to have an amplitude that provides about 10°
aperiodic samples on each period thereby providing a
de-coherence time of about 107'* seconds, and
wherein the illumination subsystem is configured to
direct the pulses of light from the electro-optic modu-
lator to a specimen;

a detection subsystem configured to detect light from the

specimen and to generate output responsive to the

detected light; and
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a processor configured to detect defects on the specimen

using the output.

2. The system of claim 1, wherein the inspection system is
configured to cause continuous relative movement between
the specimen and at least some optics of at least one of the
illumination and detection subsystems during inspection of
the specimen performed by the inspection system.

3. The system of claim 1, wherein the detection subsystem
is further configured to detect the light by imaging the light
from the specimen.

4. The system of claim 1, wherein the output comprises an
image or measurement, and wherein the detection subsystem
is further configured to generate one image or measurement
for each of the pulses of light from the light source.

5. The system of claim 1, wherein the light source is a
pulsed laser light source, and wherein the detection sub-
system is further configured to generate the output by image
grabbing.

6. The system of claim 1, wherein the light source is a
pulsedlaser light source, and wherein the inspection system is
configured to cause continuous relative movement between
the specimen and at least some optics of at least one of the
illumination and detection subsystems during inspection of
the specimen performed by the inspection system.

7. The system of claim 1, wherein the light source is a
pulsedlaser light source, and wherein the inspection system is
configured to move the specimen along a serpentine path
continuously with respect to the illumination and detection
subsystems while inspection is being performed on the speci-
men.

8. The system of claim 1, wherein the electro-optic modu-
lator has a modulation frequency of about 1 GHz to about 10
GHz.

9. The system of claim 1, wherein the electro-optic modu-
lator is further configured to operate in a traveling wave
operation mode, and wherein the electro-optic modulator has
a modulation frequency of about 1 GHz to about 10 GHz.

10. The system of claim 1, wherein the light detected by the
detection subsystem comprises reflected light, and wherein
the inspection system is configured as a bright field inspection
system.

11. The system of claim 1, wherein the light detected by the
detection subsystem comprises scattered light, and wherein
the inspection system is configured as a dark field inspection
system.

12. The system of claim 1, wherein the inspection system is
configured as a bright field and dark field inspection system.

13. The system of claim 1, wherein a duration of the pulses
of light generated by the light source is less than 10 nanosec-
onds.

14. The system of claim 1, wherein the light source is a
laser light source.

15. The system of claim 1, wherein the dispersive element
is a prism.

16. The system of claim 1, wherein the dispersive element
is a diffraction grating.

17. The system of claim 1, wherein the illumination sub-
system further comprises an additional dispersive element
positioned in the path of the pulses of light exiting the electro-
optic modulator, and wherein the additional dispersive ele-
ment is configured to reduce the coherence of the pulses of
light by mixing the spatial and temporal characteristics of the
light distribution in the pulses of light.

18. The system of claim 17, wherein the illumination sub-
system is further configured to direct the pulses of light from
the additional dispersive element to the specimen.
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19. The system of claim 17, wherein the illumination sub-
system further comprises refractive optics positioned
between the electro-optic modulator and the additional dis-
persive element.

20. The system of claim 17, wherein the illumination sub-
system further comprises a reflective element positioned in
the path of the pulses of light exiting the additional dispersive
element, wherein the reflective element is configured to direct
the pulses of light exiting the additional dispersive element
back through the additional dispersive element, the electro-
optic modulator, and the dispersive element, and wherein the
illumination subsystem is further configured to direct the
pulses of light from the dispersive element to the specimen.

21. The system of claim 1, wherein the illumination sub-
system further comprises a reflective element positioned in
the path of the pulses of light exiting the electro-optic modu-
lator, wherein the reflective element is configured to direct the
pulses of light exiting the electro-optic modulator back
through the electro-optic modulator and the dispersive ele-
ment, and wherein the illumination subsystem is further con-
figured to direct the pulses of light from the dispersive ele-
ment to the specimen.

22. The system of claim 1, wherein the electro-optic modu-
lator is further configured to change the temporal modulation
of'the light distribution in the pulses of light at tenth picosec-
ond time intervals.

23. The system of claim 1, wherein the electro-optic modu-
lator is further configured to operate in a traveling wave
operation mode.
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24. The system of claim 1, wherein the pulses of light
generated by the light source comprise light having different
wavelengths, and wherein the illumination subsystem is fur-
ther configured to direct the light having the different wave-
lengths along different optical paths through the illumination
subsystem.

25. The system of claim 1, wherein the illumination sub-
system is not configured to reduce the coherence of the pulses
of light using mechanical devices.

26. A method for illuminating a specimen for inspection,
comprising:

generating coherent pulses of light;

reducing coherence of the pulses of light by mixing spatial

and temporal characteristics of light distribution in the
pulses of light;

reducing the coherence of the pulses of light by temporally

modulating the light distribution in the pulses of light
with an electro-optic modulator, wherein the electro-
optic modulator is configured to have an amplitude that
provides about 10° aperiodic samples on each period
thereby providing a de-coherence time of about 1073
seconds; and

subsequent to the reducing steps, directing the pulses of

light to the specimen positioned in an inspection system.

27. The method of claim 26, wherein the reducing steps are
performed without using mechanical devices.

#* #* #* #* #*



